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Abstract 

The  effect  of  silver  co-sputtering  on  the  micro  structural  and  electrical  properties  of  amorphous  V2O5  films  is  investigated.  The  films 
are  grown  by  dc  reactive  sputtering  and  are  applicable  to  thin-film  microbattery  cathodes.  Analysis  with  glancing-angle  X-ray  diffraction 
(GXRD),  scanning  electron  microscopy  (SEM),  X-ray  photon  spectroscopy  (XPS),  and  Fourier  transformation  infrared  (FT-IR)  spec¬ 
troscopy  confirm  that  the  growing  rate,  silver  content  and  microsturucture  of  the  V2O5  films  are  dominantly  affected  by  the  r.f.  power 
supplied  on  the  silver  metal  targets.  The  discharge  capacity  and  cycle  ability  of  microbatteries  increases  with  increasing  silver  content  in 
the  thin  cathode  films.  In  addition,  it  is  found  that  silver  co-sputtered  V2O5  cathode  films,  if  only  obtained  at  not  more  than  30  W,  exhibit 
better  discharge  capacity,  cycle  ability  and  lithium-ion  diffusivity  than  an  undoped  V2O5  cathode  film.  This  is  due  to  increases  both  in 
the  electronic  conductivity  with  doping  elements  of  high  electronic  conductivity  and  in  the  distance  between  two  adjacent  V2O5  layers  by 
co-sputtered  silver  atoms. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Due  to  the  development  of  microelectromechanical  sys¬ 
tem  (MEMS)  technology  for  microdevices  and  -sensors,  the 
need  for  microsize  sources  is  greatly  increasing.  Two  power 
options  that  have  been  considered  are  energy- storage  devices 
(e.g.,  batteries  and  capacitors)  and  energy-conversion  de¬ 
vices  (e.g.,  solar  cells,  piezoelectric  generators)  [1].  Among 
these,  thin-film  microbatteries  offer  great  promise  due  to 
their  unique  manufacturing  advantages,  i.e.,  they  can  be  in¬ 
corporated  into  the  same  integrated  circuits  as  other  elec¬ 
tronic  device  elements,  and  can  be  used  in  applications  such 
as  smart  cards,  on-chip  power  sources  and  portable  elec¬ 
tronic  devices  [2,3]. 

Practical,  rechargeable,  thin-film  battery  systems  (lithium 
metal  anode-LiPON  electrolyte-transition  metal  oxide  cath¬ 
ode)  have  been  developed  by  ORNL  and  are  based  on 
thin-film  deposition  technology  of  oxides  and  nitrides  [2,3]. 
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Of  the  numerous  cathode  materials  (LiCo02,  LiMn204, 
LiNi02,  LiFeP04,  etc.)  for  lithium/lithium-ion  thin-film 
batteries,  V2O5  is  the  most  promising  materials  due  to 
its  high  capacity,  cycle  stability  and  ease  of  preparation. 
In  particular,  conventional  annealing  processes  that  cause 
cracking  and  buckling  of  thin-films  [4]  are  not  required  for 
amorphous  V2O5  films.  The  latter  films  are  therefore  con¬ 
sidered  to  be  the  best  candidate  material  for  cathodes  for 
on-chipped,  thin-film  microbatteries  [5]. 

To  improve  the  electrochemical  properties  of  V2O5,  sev¬ 
eral  researchers  have  employed  alloying  or  doping  processes 
during  materials  synthesis.  Smyrl  and  co-workers  [6-9]  re¬ 
ported  that  cyclic  capacity  and  cyclic  life  increased  with  the 
addition  of  doping  elements  (Ag  and  Cu)  due  to  increases  in 
cathode  material  conductivity  and  reversible  local  structure 
modification  during  charge-discharge  cycles.  The  electrical 
conductivity  of  the  doped  materials  was  up  to  three  orders 
of  magnitude  higher  than  that  of  undoped  material  and  there 
was  a  concurrent  dramatic  enhancement  in  the  Li+  ion  dif¬ 
fusion  coefficient.  These  materials  were  synthesized  by  the 
sol-gel  method  that  is  not  suitable  for  fabrication  processes 
of  thin-film  batteries  and  semiconductor  devices.  Therefore, 
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it  is  imperative  to  develop  a  suitable  doping  or  co- sputtering 
process  that  can  be  applied  to  thin-film  battery  fabrication. 
Although  some  research  groups  [10-12]  have  studied  doping 
or  alloying  effects  on  V2O5  films,  most  have  focused  on  the 
electrochemical  properties  of  such  films.  In  order  to  grow 
amorphous  V2O5  thin-films,  it  is  very  important  to  obtain  a 
better  understanding  of  the  structure  and  characteristics  of 
co-sputtered  cathode  films. 

This  study  examines  the  effect  of  silver  co- sputtering  on 
the  electrochemical,  structural,  chemical  and  surface  prop¬ 
erties  of  amorphous  V2O5  films  deposited  by  dc  reactive 
magnetron  sputtering.  The  silver  content  is  adjusted  by  the 
r.f.  power  level  of  co-sputtering  on  the  silver  metal  target. 
The  film  structure  is  characterized  with  GXRD,  AFM,  and 
SEM;  the  chemical  properties  of  the  films  are  analyzed  by 
means  of  FT-IR,  XPS  and  ICP;  the  electrochemical  prop¬ 
erties  are  measured  by  potentiostatic  intermittent  titration 
technique  (PITT)  and  charge-discharge  testing. 

2.  Experimental 

Film  deposition  was  carried  out  in  a  turbo-pumped  cham¬ 
ber  with  a  initial  pressure  of  8  x  10-6  mbar.  Thin  films  of 
vanadium  oxide  were  deposited  using  dc  magnetron  sput¬ 


tering  of  mixed  gas  (70  vol.  %  Ar  and  30vol.%  O2)  on  a 
vanadium  metal  target.  The  flow  rates  of  argon  (99.998% 
purity)  and  oxygen  (99.998%  purity)  gas  were  controlled  by 
MFC  units  (MKS  Type-1179A),  which  were  attached  to  the 
front  of  gas  inlets,  and  the  pressure  of  the  gas  mixture  was 
controlled  at  1.33  x  10-2  mbar,  by  a  throttle  valve  that  con¬ 
trolled  the  conductance  of  gas  flow  from  chamber  to  pump¬ 
ing  units.  A  detailed  illustration  of  this  sputtering  system  is 
given  in  Fig.  1 . 

Silver  vanadium  oxide  films  were  deposited  by  means 
of  a  co-sputtering  process,  i.e.,  simultaneous  dc  magnetron 
sputtering  on  the  vanadium  target  (99.9%  Cerac).  The  sil¬ 
ver  content  in  the  thin-film  sample  was  controlled  by  an  r.f. 
power  level  imposed  on  the  silver  target  with  sputtering  at 
a  500  mA  dc  current  on  the  vanadium  metal  target.  The  r.f. 
power  level  was  set  at  0,  10  20,  30  and  40  W,  and  specimen 
identification  was  denoted  as  VO,  A 10,  A20,  A30  and  A40, 
respectively.  The  target  dimensions  were:  10.16  cm  diame¬ 
ter  x  0.635  cm  thickness.  The  distance  between  the  target 
and  substrate  was  10  cm.  During  the  deposition  process,  the 
substrate  rotated  at  lOrpm  in  order  to  give  uniform  deposi¬ 
tion  of  the  thin-film. 

Film  crystallinity  was  characterized  by  GXRD  and  film 
surface  morphology  was  observed  by  SEM  and  AFM.  Most 
GXRD  scans  used  a  thin-film  attachment  and  a  fixed  angle 


working  gas:  7Ar/30  2,  d.c.  power  on  V  target:  50  0mA.  No 
heating  on  substrate,  Pre-sputtering  pressure:  6X 10  ' 

Fig.  1.  Schematic  illustration  of  sputtering  system.  Direct  current  power  is  applied  to  a  vanadium  metal  target  and  alternative  current  power  is  applied 
to  a  silver  metal  target.  Details  of  deposition  conditions  are  also  given. 
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of  incidence  in  order  to  minimize  substrate  peak  intensi¬ 
ties.  The  vanadium: oxygen  (V:0)  atomic  ratios  of  the  films 
were  analyzed  by  inductively  coupled  plasma  atomic  spec¬ 
troscopy  (ICP)  and  energy  dispersive  X-ray  analysis  (EDX) 
which  was  attached  to  the  SEM  unit.  The  properties  of  the 
chemical  bonding  were  identified  by  FT-IR  and  XPS. 

To  evaluate  electrochemical  properties,  all-solid-state 
thin- film  battery  cells  were  fabricated  on  Pt-coated  plates. 
The  electrolyte  was  a  1.4-1. 5  [xm  thick  film  of  lithium 
phosphorous  oxi-nitride  (LiPON),  which  was  deposited  by 
r.f.  magnetron  sputtering  of  N2  reactive  gas  on  L^PCU  tar¬ 
get  [2-4].  The  anodes  were  composed  of  2.5-3  [xm  thick 
films  of  lithium  metal  that  were  grown  by  means  of  thermal 
evaporation.  To  obtain  film  uniformity,  the  evaporation  rate 
was  maintained  constant  at  4-5  nms-1  by  adjusting  the 
power  level  supplied  on  the  crucible. 


3.  Results 

3.1.  Characterization  of  silver  co-sputtered  V2O5 
thin-films 

The  crystallinity  of  the  silver  co-sputtered  V2O5  and  that 
of  the  undoped  thin-film  was  characterized  by  GXRD,  as 
shown  in  Fig.  2.  Various  power  levels  were  supplied  on  the 
silver  target,  but  there  is  no  crystalline  vanadium  oxide  peak. 
Only  a  broad  hump  is  observed  around  2(9  =13°,  which  is 
common  in  amorphous  V2O5  thin-films.  A  sharp  and  strong 
peak  around  2(9  =  40°  is  due  to  a  platinum  (111)  layer 


Fig.  2.  Glancing  angle  X-ray  diffraction  patterns  of  a  V2O5  film  and 
silver-doped  V2O5  films  that  shows  non-crystallinity  of  thin-films. 


Table  1 


Growth  rate  measured  in  silver-doped  V2O5  films 


Specimen 

R.f.  power  on  Ag  (W) 

Growth  rate  (nmmin  [) 

VO 

0 

1.94 

A10 

10 

1.15 

A20 

20 

1.00 

A30 

30 

1.65 

A40 

40 

4.06 

Under  low-power  conditions,  the  growth  rate  decreases  on  increasing  the 
co-sputtering  power  level,  but  increases  under  high  power-conditions. 


between  the  vanadium  oxide  layer  and  the  glass  substrate. 
The  platinum  thin-film  served  as  the  current-collector  in  the 
thin-film  battery  cathode. 

The  thin-film  growth  rate  is  not  consistent  with  increas¬ 
ing  silver  co-sputtering  power  from  0  to  40  W,  as  shown  in 
Table  E  In  samples  VO,  A 10  and  A20,  it  decreases  as  the 
power  supplied  on  the  silver  target  is  increased.  The  growth 
rate  of  A 10  is  1.15  nm  per  min,  and  that  of  A20  is  1.00  nm 
per  min,  which  is  half  of  the  undoped  sample’s  growth  rate 
(1 .94  nm  per  min),  but  the  growth  rate  increases  as  the  power 
level  increases  over  30  W  as  shown  in  sample  A30  (1.65  nm 
per  min)  and  A40  (4.06  nm  per  min). 

Thin-film  chemical  compositions  were  determined  by  ICP 
analysis  as  shown  in  Fig.  3.  As  the  oxygen  composition  gave 
a  variety  compounds,  viz.,  AgxV204.9  to  AgxV205  2,  the 
oxygen  stoichiometry  was  set  at  5  for  convenience.  The  com¬ 
position  of  the  thin-film  was  V2O5,  Ago.i  V2O5,  Ago.3V205, 
Ago.8 V2O5,  and  Agi  8V2O5  for  samples  VO,  A15,  A20,  A30 
and  A40,  respectively. 

The  AES  depth  profiles  for  the  thin-films  are  shown  in 
Fig.  4.  All  samples  were  sputter-etched  at  the  rate  of  40  nm 
per  min  argon  plasma  until  a  platinum  peak,  which  acted  as 
a  current-collector  layer,  was  detected.  The  atomic  fraction 
of  oxygen  was  highest  at  the  cathode  surface  because  an 
air-formed  oxide  layer  was  grown  on  the  surface  during 
sample  handling.  The  distribution  of  oxygen  and  vanadium 


Fig.  3.  Silver  content  in  thin-films  measured  by  ICP  analysis.  Silver 
content  (log  scale)  vs.  co-sputtered  power  level. 
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Fig.  4.  AES  depth  profile  of  Ag-doped  V2O5  films:  (a)  A20,  (b)  A30, 
and  (c)  A40.  (Samples  etched  by  argon  plasma  at  40  nm  per  min.) 

is  consistent  through  the  thickness  beneath  the  air-formed 
oxide  layer.  The  silver  content  in  the  film  increases  with 
increase  in  the  silver  co-sputtered  level  as  expected.  Nev¬ 
ertheless,  the  distribution  of  silver  through  the  film  is  not 


uniform  in  all  samples.  There  is  a  silver  concentrated  layer 
(4  at.%),  which  appears  as  a  hump  between  the  platinum 
current-collector  and  the  silver-doped  vanadium  oxide 
thin-film.  The  total  content  in  the  sample  is  reduced  close 
to  the  top  surface.  The  thickness  of  the  silver  concentrated 
layer  also  increases  as  the  silver  co-sputtered  power  is  in¬ 
creased,  i.e.,  120  nm  for  sample  A 10  and  160  nm  for  sample 
A30. 

The  chemical  distribution  of  sample  A40  is  quite  different 
from  that  of  the  other  sample.  The  distribution  of  all  ele¬ 
ments  is  not  constant  through  the  film.  There  is  a  silver  con¬ 
centration  hump  (10  at.%)  near  the  top  surface  and  the  silver 
concentration  decreases  with  increasing  film  thickness.  The 
concentration  of  silver  at  the  interface  between  the  platinum 
current-collector  layer  and  vanadium  oxide  layer  is  lower 
than  in  other  regions  (5  at.%). 

3.2.  Electrochemical  test  of  Ag  co-sputtered 
V205  thin-films 

To  investigate  electrochemical  properties,  a  solid-state 
thin-film  battery  was  fabricated  with  the  configuration  of:  Li 
(anode)/LiPON/Ag-V2C>5/(Pt)  (current  collector),  as  shown 
in  Fig.  5. 

The  specific  capacity  of  the  battery  is  shown  in  Fig.  6 
when  charged  and  discharged  for  200  cycles  between  3.6 
and  1.5  V  at  a  constant  current  density  of  20  pAh  cm-2  jam. 
It  is  clearly  seen  that  cells  with  silver-doped  vanadium  ox¬ 
ide  cathodes  exhibit  better  capacity  and  cyclic  ability,  ex¬ 
cept  the  cell  with  A40,  compared  with  that  of  undoped 
V2O5.  For  the  undoped  sample,  the  discharge  capacity  is 
53  pAh  cm-2  pan  during  the  first  cycle,  but  increases  sharply 
to  65  pAh  cm-2  p,m  during  the  second  cycle.  With  further 
cycling  it  decays  slowly  with  increasing  cycle  number  to 
55  pAhcm-2  p,m  after  200  cycles.  The  discharge  capacity 
of  thin-film  battery  cells  with  A 10  and  A20  also  decays  with 
cycle  number,  but  the  capacity  during  the  initial  cycle  is 
higher  than  that  for  the  undoped  sample.  For  cells  with  A 10 
whose  capacity  is  77  pAh  cm-2  p,m  during  the  first  cycle,  it 
decays  to  67  pAh  cm-2  p,m  after  20  cycles.  By  contrast,  for 
cells  with  A20,  the  capacity  decays  from  74  pAh  cm-2  pan 
during  the  first  cycle  to  66  pAh  cm-2  p,m  after  200  cy¬ 
cles.  The  initial  cell  capacity  of  cells  with  sample  A30 
(78  pAhcm-2  pan)  is  similar  to  that  of  other  silver-doped 
cells,  but  it  maintains  its  initial  value  for  more  than  200  cy¬ 
cles  (73.6  pAhcm-2  pan).  The  discharge  capacity  of  A40 
cells  is  different  from  other  doped  cells.  Not  only  is  the  ini¬ 
tial  value  lower  than  those  of  the  others,  but  also  it  decays 
rapidly  with  increasing  cycle  number. 

Lithium-ion  diffusivity  into  the  cathode  thin-film  was 
measured  by  PITT,  as  shown  in  Fig.  7.  The  voltage  of  the 
thin-film  battery  was  controlled  from  3.5  V  down  to  1.5  V 
with  series  of  voltage  steps.  Each  step  was  200  mV  and  the 
time  to  reach  the  current  equilibrium  was  1200  s.  Accord¬ 
ing  to  the  results,  the  diffusivity  of  lithium  ions  into  sample 
30 A  is  about  10  times  higher  than  that  of  the  others. 
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Pt  current  Ag-V205 
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Fig.  5.  (a)  Thin-film  microbattery  fabricated  with  configuration:  Li/LiPON/Ag-X^Os/Pt  on  soda  lime  glass,  (b)  cross-sectional  view  of  thin-film  microbattery. 


3.3.  FT-IR  and  XPS  analysis 

The  FT-IR  absorption  bands  for  V2O5  films  deposited 
with  increasing  silver  r.f.  power  are  shown  in  Fig.  8.  All 
samples  show  broadened  absorption  bands  that  are  char¬ 


acteristic  of  a  random  structure  with  a  wide  distribution 
of  V-0  bond  length  and  angle.  By  comparison  with  a 
r.f.  sputtered  poly  crystalline  V2O5  thin-film  [13]  (V=0 
bonds  stretching:  1020  cm-1,  V-O-V  bonds  vibration:  840, 
433  cm-1,  and  V —  0<y  bonds  vibration:  535-525  cm-1), 


Fig.  6.  Discharge  capacities  of  thin-film  batteries  made  from  amorphous  V2O5  films  with  different  contents  of  silver  (cycled  between  3.6  and  1.5  V)  as 
function  of  cycle  number. 
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Ag  co-sputtering  r.f.  power  (W) 

Fig.  7.  Lithium-ion  diffusivity  in  Ag  co-sputtered  V2O5  thin-film  measured 
by  PITT  (potentiostatic  intermittent  titration  technique)  from  3.5  to  1.5  V 
with  series  of  200  mV  voltage  steps. 

broadened  peaks,  which  indicate  a  double  bond  V=0  vibra¬ 
tion  around  970-1020  cm-1  and  V-O-V  vibration  around 
820  and  580  cm-1,  remain  in  the  amorphous  state.  There 
are  many  small  unidentifiable  around  450-570  cm-1. 

On  increasing  the  silver  co-sputtering  power,  a  strong  ab¬ 
sorption  peak  around  1020  cm-1  in  undoped  sample  shifts  to 
lower  wave  number  (1005  — >  995  — >  970  — >  940  cm-1)  and 
the  A40  spectrum  is  different  from  that  of  others.  These  two 
facts  are  thought  to  be  closely  related  to  structural  changes 
in  the  thin-film  during  the  deposition  process  on  increasing 
silver  co-sputtering  power  level. 

XPS  measurements  were  performed  on  samples  A40  and 
A30,  as  shown  in  Fig.  9.  The  relative  peak  intensities  of 


atomic  core  level  spectra  in  A30  are  different  from  those  of 
A40.  In  the  core  level  of  V  2p  and  Ols  atoms,  the  peak  in¬ 
tensity  of  A30  is  1 .5  times  larger  than  that  of  A40  as  shown 
in  Fig.  9(a).  On  the  other  hand,  the  peak  intensity  of  the 
Ag  3d  level  in  A40  is  three  times  larger  than  that  of  A30 
as  shown  in  Fig.  9(b),  which  indicates  a  greater  amount  of 
silver  in  A40  compared  with  A30.  In  A30,  the  V  2p3/2  core 
level  binding  energy  is  5 17.05  eV,  with  a  chemical  shift  of 
A E  =  +4.65  eV  (metallic  V  2p3/2  core  level  =  512.4eV), 
and  the  spin  orbit  splitting  between  the  V  2p3//2  and  the 
V  2p3/2  peaks  is  7.5  eV.  The  core  level  binding  energy  of 
A30  is  in  good  agreement  with  that  reported  by  other  work¬ 
ers  [14,15].  The  V  2p3/2  core  level  binding  energy  of  A40 
shifts  to  516.05  eV  (chemical  shift  A E  =  +3.65  eV),  which 
indicates  a  loss  of  positive  charge  in  the  vanadium  core. 

The  silver  core  level  binding  energy  of  A30  Si  the  same  as 
that  of  A40  (Ag  3d5/2  =  367.35  eV,  Ag  3d5/2  =  373.35  eV, 
and  spin  orbit  splitting  =  6  eV),  which  shifts  to  a  lower  value 
compared  with  that  of  metallic  silver  (Ag  3d5^2  =  368.3  eV) 
[13]. 

The  oxygen  core  level  spectra  O  Is  were  de-convoluted 
as  shown  in  Fig.  9(c)  for  A30  and  Fig.  9(d)  for  A40.  Both 
spectra  were  de-convoluted  in  three  peaks  (529.89,  531.30 
and  532.29  eV  in  A30  and  529.63,  530.95  and  532.21  eV 
in  A40).  The  first  peak  is  related  to  the  presence  of  silver 
oxides  (Ag20,  AgO  =  528.6-530  eV  [14]),  the  second  peak 
is  related  to  the  presence  of  vanadium  oxides  (V2O5,  V2O4, 
V2O3,  V2O  =  529.8-530.4 eV  [15]),  and  the  third  peak  is 
related  to  contaminant  water  (H2O  =  532.8-533.2  eV  [13]). 
The  intensity  of  the  first  peak  in  A30  is  1.5  times  larger 
than  that  of  A40,  which  suggests  differences  in  ionic  state 
of  silver. 


Wave  number  v  (cm  1 ) 


Fig.  8.  FT-IR  absorption  spectra  of  silver-doped  V2O5  thin-film  samples.  Vynyl  V=0  bond  shifts  to  lower  wave  number  with  increase  in  silver  co-sputtering 
power  level  (VO  =  amorphous  V205;  A10  =  10  W;  A20  =  20  W;  A30  =  30  W;  A40  =  40  W). 
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Fig.  9.  X-ray  photon  spectra  for  samples  A30  and  A40:  (a)  core  level  of  V  and  O  atom,  (b)  3D-level  of  Ag,  (c)  convoluted  curves  of  O  Is  level  of  A30, 
and  (d)  convoluted  curves  of  O  Is  level  of  A40. 


3.4.  Surface  analysis 

Surface  morphology  changes  due  to  increasing  silver 
co- sputtering  power  were  examined  by  SEM  and  AFM 
analysis.  Some  selective  SEM  images  of  silver  co-sputtered 
thin-films  on  a  Pt/glass  substrate  are  presented  in  Fig.  10.  On 
increasing  silver  co-sputtering  power,  the  grain  size  of  the 
thin-films  increases  as  shown  in  surface  images  (Fig.  9(a-c)). 
In  these  images,  all  samples  are  seen  to  consist  of  clusters  of 
2-3  grains.  The  grains  in  sample  VO  are  as  small  as  1-10  nm, 
while  grains  in  the  other  samples  are  about  10-50  nm.  All 
samples,  except  A40,  consist  of  closely  packed,  long,  colum¬ 
nar  grains  which  grow  from  the  platinum  current-collector 
surface  towards  the  outside,  as  shown  in  the  cross-sectional 
image.  The  diameter  of  these  columns  is  of  the  same  size 
as  the  cluster  and  consist  of  2-3  grains.  The  cross-sectional 
view  of  A40  is  different  from  the  others.  Sample  A40  con¬ 
sist  of  clusters  of  oxide  which  look  like  lumps  of  wheat 
dough  with  a  high  quantity  of  voids  as  shown  in  Fig.  10(f). 

The  surface  roughness  of  the  samples  was  measured  by 
AFM.  The  surface  roughness  of  A40  is  about  six  times  larger 
than  that  of  VO,  as  shown  in  Fig.  11.  The  surface  rough¬ 
nesses  of  VO  and  those  of  the  silver-doped  samples,  except 
A40,  are  similar. 


4.  Discussion 

The  effect  of  silver  co-sputtering  on  the  growth  of 
amorphous  V2O5  thin-film  is  complicated.  The  silver 
content  in  the  thin-film  increases  exponentially  on  in¬ 
creasing  the  co-sputtering  power  level  but  the  growth  rate 
and  silver  distribution  are  not  coincident  with  the  silver 
co-sputtering  power  level.  The  growth  rate  decrease  on  in¬ 
creasing  co-sputter  power  to  <30  W,  otherwise  it  increases, 
and  the  silver  content  in  the  thin-film  is  not  constant 
through  its  thickness.  Silver  is  not  distributed  well  in  the 
thin-films,  but  accumulates  at  the  interface  of  the  platinum 
current-collector  and  the  amorphous  V2O5  layer  except  in 
the  40  W  co-sputtered  thin-film.  These  phenomena  can  be 
explained  by  the  sputter  yield  amplification  (SYA)  mecha¬ 
nism  [16]  as  follows. 

4.1.  Selective  sputtering  of  multi -atom  flux  condition 

During  the  sputtering  collision  process,  heavier  atoms 
penetrate  deeply  and  so  they  usually  adhere  to  the  substrate 
better  than  lighter  atoms  even  if  they  erode  the  substrate  sur¬ 
face  more  than  lighter  atoms  do.  In  the  case  of  multi-atom 
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Fig.  10.  SEM  images  of  V2O5  sample  and  Ag  40  W  co-sputtered  V2O5  sample:  (a-c)  are  surface  images  of  VO,  A30  and  A40  (magnification  of 
lOOOOOx),  (d-f)  are  cross-sectional  images  of  VO,  A30  and  A40  (magnification  of  80000x). 
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Fig.  11.  AFM  mages  of  sample  surface:  (a)  VO,  (b)  A10,  (c)  A30,  and  (d)  A40. 
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Fig.  12.  (a)  At  initial  stage,  sputter  yield  of  silver  is  higher  than  that  of 
vanadium.  Only  a  small  fraction  of  vanadium  is  deposited  on  the  platinum 
layer.  A  relatively  high  content  of  silver  atoms  is  deposited  despite  of 
their  low  flux,  (b)  on  surface  of  vanadium  and  silver  the  sputter  yield 
of  vanadium  increases  more  than  that  of  silver.  The  vanadium  deposition 
rate  increases  due  to  high  supplied  flux. 
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Fig.  13.  Different  growth  mechanisms  from  (a)  low-power  condition,  (b) 
high-power  condition.  Dilute  doping  of  a  heavy  mass  atom  results  in  a 
sputtering  yield  amplification  effect  [5]. 


inum  layers,  vanadium  atoms  adhere  more  easily  on  layers 
composed  of  silver  and  vanadium  because  of  the  small  mass 
difference  as  shown  in  Fig.  12(b).  As  the  coverage  of  vana¬ 
dium  increases,  the  sputter  yield  of  vanadium  increases. 

4.2.  Accelerated  pre- sputtering  of  light  elements  due 
to  oxygen 


flux,  the  sputter  yield  of  each  atom  usually  depends  on  the 
mass  of  each  atom  [16].  When  silver  atoms  (atomic  mass: 
107.87)  and  vanadium  atoms  (atomic  mass:  50.94)  sputter 
simultaneously,  the  sputter  yield  of  silver  is  higher  than  that 
of  vanadium  because  of  its  heavier  mass.  Silver  atoms  eas¬ 
ily  adhere  to  particularly  heavy  atom  substrates  (e.g.,  plat¬ 
inum  surfaces)  more  than  vanadium  atoms  due  to  less  mass 
difference  between  source  atoms  and  substrate  atoms.  The 
sputter  yield  of  vanadium  increases,  however,  when  it  is 
deposited  on  a  lighter  material.  When  vanadium  atoms  are 
sputtered  on  the  vanadium  surface,  they  deposit  more  easily 
due  to  less  mass  difference  between  source  atoms  and  sub¬ 
strate  atoms.  During  the  initial  stage  of  deposition  as  shown 
in  Fig.  12(a),  sputtered  vanadium  atoms  are  preferentially 
re- sputtered  owing  to  the  presence  of  heavy  and  dense  plat¬ 
inum  layers.  Accordingly,  a  relatively  high  quantity  of  sil¬ 
ver  is  deposited  despite  the  low  silver  flux.  The  sputtering 
yield  of  vanadium  increases  after  the  platinum  layer  is  cov¬ 
ered  with  silver  or  vanadium.  Compared  with  heavy  plat- 


During  the  reactive  sputtering  process,  negative  oxygen 
ions  will  accelerate  towards  the  growing  thin-film.  These 
oxygen  ions  etch  out  the  layer  of  thin-film,  particularly 
those  composed  of  light  elements,  and  these  by  densify  the 
thin-film  [5].  On  increasing  the  silver  co-sputtering  power, 
the  growth  rate  decreases  due  to  oxygen  sputtering  on  the 
film  that  is  accelerated  by  silver  atom  flux.  Under  high  silver 
co-sputtering  power  conditions  (A30),  however,  the  silver 
atoms  that  stick  to  the  film  surface  prevent  oxygen  atoms 
from  etching  from  the  growing  thin-film.  The  case  of  A40  in 
particular,  due  to  the  high  flux  of  silver  the  micro  structure  of 
thin-film,  is  different  from  dense  silver  vanadium  pentoxide. 
XPS  analysis  shows  a  mixture  of  less  oxidized  vanadium 
oxides  (e.g.,  VO2,  V2O4,  etc.)  and  metallic  silver  (Fig.  13). 

4.3.  Effect  of  silver  co-sputtering  on  V2O5  films 

The  electrochemical  properties  of  undoped  V2O5  are 
improved  by  silver  co-sputtering.  According  to  Smyrl  and 
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co-workers  [6-9],  dopant  silver  (Ag-yV^Os:  y  =  0. 1-0.5) 
enhances  the  electric  conductivity  of  amorphous-like  cath¬ 
ode  materials  (Xerogel  and  Aerogel  V2O5).  Due  to  the 
increased  conductivity,  the  discharge  capacity  and  cycle 
ability  of  the  cathode  material  increases.  Lithium-ion  diffu- 
sivity  is  found  to  increase  in  the  silver-doped  material  with 
a  small  dependence  on  the  lithium  intercalation  level.  This 
is  thought  to  be  related  to  the  porosity  in  this  material. 

In  the  present  research,  the  electric  properties  of  vana¬ 
dium  oxide  thin-films  is  increased  by  the  silver  co- sputtering 
process.  According  to  the  AES  spectra,  the  silver  distribu¬ 
tion  ion  A 10  and  A20  accumulates  at  the  interface  between 
the  platinum  current-collector  and  the  V2O5  cathode  film. 
In  Fig.  6,  the  capacity  increment  of  A 10  during  the  first  cy¬ 
cle  is  due  to  the  conductivity  increase  compared  with  the 
discharge  capacity  decay  pattern  with  the  undoped  sample. 
It  increases  during  the  first  cycle  and  decays  with  the  same 
pattern  as  that  of  the  undoped  sample  (VO). 

In  sample  A30,  the  discharge  capacity  during  the  first  cy¬ 
cle  and  also  the  200th  cycle  increases.  This  is  related  to  the 
fact  that  the  1024  cm-1  absorption  band  of  vanadium  oxide 
shifts  to  970  cm-1  in  FT-IR  spectra,  which  means  the  dis¬ 
tance  between  two  adjacent  V2O5  layers  is  increased  with 
silver  co-sputtering.  In  XPS  analysis,  most  of  the  vanadium 
exists  in  its  well-oxidized  state  (V5+  in  V2O5)  and  most  sil¬ 
ver  as  AgO  and  Ag20.  Considering  the  FT-IR  spectrum,  the 
structure  of  A30  is  silver-doped  amorphous  V2O5  in  which 
the  distance  between  two  adjacent  layers  is  widened.  Silver 
distribution  increases  the  conductivity  increment  and  the  sil¬ 
ver  oxide  between  two  vanadium  oxide  layers  increases  the 
diffusivity  of  lithium  ions  and  the  cycle  ability. 

Notwithstanding  the  high  silver  content,  the  electrochem¬ 
ical  properties  of  the  40  W  co-sputtered  V2O5  thin-film  are 
poor  due  to  the  rough  and  porous  structure,  as  shown  in 
SEM  images  and  AFM  images.  In  the  sputtering  process, 
there  is  preferential  deposition  on  the  protruding  parts  of 
the  rough  surfaces  because  of  the  easy  delivery  of  sputtered 
source  materials.  Most  of  the  cathode  surface,  except  the  up¬ 
per  part  of  cathode  clusters,  is  not  covered  with  solid  elec¬ 
trolyte.  This  electrolyte-free  surface  is  not  electrochemically 
active. 

5.  Conclusions 

The  effect  of  silver  co-sputtering  on  V2O5  films  has  been 
investigated  using  GXRD,  FT-IR,  XPS,  AFM,  and  SEM.  It 


was  found  that  silver  co-sputtered  samples  exhibit  better  dis¬ 
charge  capacity  and  cycle  ability  than  undoped  samples  due 
to  a  change  in  microstructure.  In  particular,  a  silver  30  W 
co-sputtered  V2O5  film  exhibits  an  improved  discharge  ca¬ 
pacity,  cycle  ability  and  lithium-ion  diffusivity.  From  FT-IR 
results  it  is  found  that  the  silver  co-sputtering  process  re¬ 
sults  in  V=0  bond  elongation  due  to  an  increase  in  the  dis¬ 
tance  between  two  adjacent  V2O5  layers.  Because  lithium 
ions  pass  through  these  layers,  the  structure  change  enhances 
lithium-ion  diffusivity  and  cycle  capacity  after  the  200  cy¬ 
cles.  In  the  case  of  excess  co-sputtering  power,  e.g.,  a  40  W 
co-sputtered  sample,  a  porous  structure  with  defects  is  ob¬ 
served.  This  structure  degrades  the  electrochemical  proper¬ 
ties  of  the  V2O5  cathode. 

It  is  concluded  that  microbatteries  using  silver-doped 
amorphous  V2O5  cathode  thin-films  are  a  good  choice  for 
microsize  power  supply  systems  that  may  be  applicable  to 
smart  cards,  microsensors  and  MEMSs  actuators. 
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